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The ionization quantum yields and the extinction coefficients of a number of compounds have 
been determined at the wavelengths of I he helium (S8.4 nm) and neon (73.6-74.4 nm) resonance 
lamps. These are lamps with thin aluminum windows (100-200 nm) which we inserted in a glass cell 
backed by a second cell. Both cells are provided with parallel plate electrodes and separated from 
each other by an aluminum window. The ionization quantum yields are based on ionization efficiency 
of argon which is unity. Hydrogen, which has an ionization quantum yield of 0.94 and 1.00 at 73.6 
74.4 and 58.4 nm respectively, was used as a secondary standard because it yielded better defined 
saturation ion current plateaus. The extinction coefficients were determined in both a double cell 
and a single cell arrangement. The agreement between the two measurements was excellent. In 
general an inert diluent was added to the gas of interest in order to improve tin- plateau of the sat- 
uration ion current. These results are compared with the literature values, which were inainb de- 
termined in windowless systems with monochromators. 
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1 . Introduction 

Iti the past, photoionization quantum yields and 
absorption coefficients in the range 10 to 100 nm 
have been measured in windowless systems utilizing 
differential pumping techniques with monochromators. 
This method suffers because the path lengths are not 
well denned, which may explain why the agreement 
between different investigators is not always satis- 
factory [1] \ Recently de Reilhac et al., [2] have 
improved the measurement of absorption coefficients 
in the range 10 to 50 nm using absorption cells with 
aluminum windows, which provide a well defined 
path length. However, so far not many measurements 
have been made. 

In the course of our study [3] of the vacuum ultra- 
violet photolysis of various organic compounds with 
rare gas resonance lamps, it became necessary for 
us to know very exactly the ionization quantum yields 
and the absorption coefficients of the different gases 
under investigation at the particular wavelengths of 
light emitted by these lamps. Particularly for molecules 
whose absorption spectra contain structure narrow 
compared with the slit function, the accuracy of the 
values of absorption coefficients and ionization quan- 
tum yields measured with a monochromator will 
depend on the resolution of the monochromator. It 
was thus best for our purposes that we determine 
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the values of these constants with the same lamps 
that are used in the photolysis experiments. Although 
this method gives the ionization quantum yield and 
absorption coefficient only al selected wavelengths 
(the rare gas resonance lines), they are, for those 
using rare gas resonance lamps as photochemical light 
sources, the wavelengths of primary interest. These 
measurements also provide a rough check of the 
accuracy of the values reported for these constants 
at these energies as determined by other methods. In 
the case of the neon resonance lines it is more difficult 
to correlate our measurements with others, since 
the lamp emits two resonance lines. However, these 
lines are rather close together and the 73.6 nm line 
is about three times the intensity of the 74.4 nm 
line [4]. Especially for those substances in which 
there is no structure in the absorption curve, these 
measurements should be good. 

Since the experiments reported in this paper were 
performed, a somewhat similar investigation has been 
reported by Bennett et. al., [5] on the absorption co- 
efficients and ionization yields of a number of com- 
pounds at 58.4 nm. In general, there is good agreement 
between their results and ours. 

2. Experimental Procedure 

2.1. Helium and Neon Resonance Lamps 

The details of constructing and filling the helium and 
neon resonance lamps have been given before [6j. 
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The operational characteristics, such as the effect of 
the rare gas pressure and of the power of the micro- 
wave generator on the intensity of the lamp, have also 
been discussed. To summarize briefly, the lamps are 
enclosed glass constructions, filled with a low pressure 
of rare gas, fitted with thin aluminum windows (100- 
200 nm thick), and operated with a microwave gener- 
ator. The helium pressure was about 1.5 torr while the 
neon pressure was approximately 2 torr in the two re- 
spective lamps. The intensity of these lamps (~10 12 
quantum/s) was very steady, with less than a five 
percent fluctuation over the time necessary for one set 
of measurements (1 to 2 h). Over a longer period of 
time there was a gradual decay in flux mainly due to a 
deterioration of the aluminum window. This decrease 
amounted to about 10 percent over a 24 h period. 

2.2. Double Cell Arrangement 

In order to obtain accurate values of ionization 
quantum yields and extinction coefficients, the double 
cell arrangement, shown in figure 1, was used. Each 
cylindrical chamber of the double cell is about 11 cm 
long and 5 cm in diameter and has a volume of approx- 
imately 200 cm 3 . The two compartments, both of 
which contain a set of parallel circular nickel elec- 
trodes, are separated by an aluminum window. The gas 
that is to be investigated is introduced into the chamber 
immediately adjacent to the lamp. The second chamber 
contains a gas that serves as a standard actinometer. 
In this way, the light transmitted through the material 




FIGURE 1. A double cell arrangement for actinometric 
measurements 

L — resonance lamp 

Ei and E 2 — nickel electrodes 
W| and Wj— aluminum windows 
P — Pyrex disk 

O and S — viton "O" rings and glass separators, respectively through which the inter- 
electrode distance is varied 
J —a standard type joint 34/45. 



in the first cell can be directly determined by a satu- 
ration current measurement in the second cell, or when 
the first cell is evacuated, the constancy of the inten- 
sity of the lamp can be checked. 

In some cases, where the saturation ion current 
measurements show good plateaus, only a single cell 
is necessary. All of the measurements on the fliioro- 
and chloromethanes were made in the single cell 
apparatus. Most of the other results were obtained in 
the double cell arrangement. 

2.3. Actinometry 

The standard actinometric gas can in principle be 
any gas for which the quantum yield of ionization at 
the wavelength of interest is known. In practice, 
experimental errors of measurement can be minimized 
if the actinometric gas gives a constant saturation 
current over a wide voltage range. This will be the 
case for gases which have a low absorption coefficient 
at the wavelength emitted by the lamp. When satura- 
tion ion currents are measured in a gas having a high 
absorption coefficient at the particular wavelength of 
light, the saturation current which is observed is 
usually obtained over a very short voltage range and, 
therefore, is not always well characterized. The plateau 
of the saturation current can be improved by adding 
to the absorbant gas some other gas which is trans- 
parent to the radiation being used. For example, neon 
is transparent to the helium resonance radiation and 
helium is transparent to neon resonance radiation, so 
each of these rare gases can be used as a diluent for 
strongly absorbing gases irradiated with the lamp 
giving off the resonance lines of the other gas. 

Rare gases in general are considered to have an 
ionization efficiency of unit when they absorb a photon 
of energy greater than their ionization energies [7]. 
However those rare gases which are ionized at the 
helium and neon resonance lines also absorb this light 
very strongly. For instance the absorption coefficients 
for argon at the neon and helium lines are 900 and 975 
atm -1 cm -1 respectively [8]. Thus the plateau of 
the saturation current measured in argon (fig. 2) is 
not well characterized. However, when helium is 
added to the cell with the argon, a short well defined 
plateau is obtained. The added helium acts as a mod- 
erator so that ion multiplication does not occur until 
higher applied voltages. 

Hydrogen gas is used as a secondary standard be- 
cause of its lower absorption coefficients (300 and 170 
atm -1 cm -1 at 74 and 58 nm respectively) [9J. A very 
well defined plateau is obtained for the saturation ion 
current measured in pure hydrogen (fig. 2) over a 
wide pressure range. The ionization quantum yield of 
hydrogen is 0.94 and 1.00 at the neon and helium 
resonance lines respectively. 

In order to obtain good saturation current plateaus, 
as well as meaningful absolute values for the saturation 
ion currents, the investigator must also be aware of 
the effects on the measured currents of such param- 
eters as lamp flux and pressure of the absorbant gas. 
These effects have been discussed in detail previously 
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Table 1. Ionization quantum yields 



Fl<;URE 2. A plot of ion current versus applied voltage at constant 
intensity of the neon resonance lamp for various substances 

□ 5 torr of hydrogen 

A 0.8 torr of argon 

O 12 torr of a helium-argon (14:1) mixture. 



[10], and thus will only be summarized here. If the 
number of quanta emitted per unit area of the window 
is too high, no saturation current can be obtained; 
electron multiplication occurs before the plateau of the 
saturation ion current is reached. It has been shown 
that if the pressure of the sample gas is too high, all 
the ions are not collected at the electrodes and the 
measured current is too low. Thus the investigator 
should take care to find the optimum conditions of 
flux and pressure for each individual gas, in order to 
obtain meaningful saturation ion current measure- 
ments. 



2.4. Materials 

Most of the chemicals used in this investigation were 
of research grade quality, and were used without 
further purification except for degassing. The nitric 
oxide was stored over silica gel. Most of the hydro- 
carbons were purified on a gas chromatograph. Methane 
was degassed at solid nitrogen temperature. 

3. Results and Discussion 

3.1. Ionization Quantum Yields 

At pressures such that all the photons are absorbed 
quantum yields of ionization, <£+(x), are determined 
by comparing the saturation ion current (i x ) obtained 
in gas (x) for a given flux with the saturation ion cur- 
rent (i st ) obtained for the same flux in some standard 
gas whose ionization quantum yield, 0+(st), is known 
at the wavelength of interest. Thus <t>+ (x) =4>+(st) 

— • The ionization quantum yields determined in 
V'st / 

this laboratory for selected gases at the argon, neon 
and helium resonance lines are given in table 1. The 
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(References are for literature values that are given in parentheses.) 
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values reported by Bennett et al. [5], at the helium 
resonance line are also included in this table, as well 
as some earlier results obtained with windowless 
monochromators. In general, for the determinations 
of ionization quantum yields at the neon resonance 
lines, excess helium was added, while at the helium 
line, excess neon was added; as mentioned above, the 
plateau of the saturation ion current can be improved 
by adding a nonabsorbing diluent to the gas of interest. 
For the ionization quantum yield measurements at the 
argon resonance lines, the standard of comparison was 
the saturation ion current generated in nitric oxide. 
The ionization quantum yield of nitric oxide is known 
over this wavelength region [11]. 
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In general there is very good agreement between 
our values and those of Bennett et al., [5] for the 
ionization quantum yields at the helium line. It was 
more difficult to obtain well characterized saturation 
ion current plateaus with the helium lamp than with 
the neon lamp. This is especially true when the extinc- 
tion coefficient is high, as it is with organic compounds. 
Thus, these values of ionization quantum yields are not 
so reliable as the others given in table 1. 

In general for most of the compounds which we 
investigated, the ejected electron does not have enough 
energy to cause additional ionization. Moreover the 
addition of an inert diluent, such as helium or neon, 
should moderate the energy of the electron so that 
secondary ionization is not important. Nevertheless, 
in two cases, H 2 S and CH 3 I, the ionization quantum 
yield is slightly above one at the neon resonance lines. 
At this time it is not possible to decide whether this 
is real, or if it is caused by unknown experimental 
effects. These values seem to be just outside the limits 
of experimental error which we estimate to be ±0.02 
units for the neon lamp. 

For the inorganic substances, especially the diatomic 
molecules, there is generally considerable structure 
in the absorption spectra: because of this, and because 
the neon resonance lamp has two lines at 73.6 and 
74.4 nm, a comparison between our measured values of 
the ionization quantum yields and values reported 
in the literature for this energy region is not mean- 
ingful. Our values will, to some extent, depend on the 
degree of reversal of the resonance lines emitted by the 
neon lamp. This reversal of the resonance lines 
depends on the pressure of neon in the lamp. However 
for those cases where the extinction coefficient is 
not changing rapidly over the region 73.6-74.4 nm, 
a comparison can be made. This is particularly true 
for the organic compounds. In general our results 
agree reasonably well with the results of Schoen [13] 
but are somewhat higher than the results of Metzger 
and Cook [9,12]. 

The saturation-ion current measurements can also 
he used to obtain the absolute intensity of light enter- 
ing the cell, if the ionization efficiency, ^ ) +(x), for a 



compound, 
absorption 



*, 



is known 
the light 



and if there is complete 
by the compound. Thus 



(>„ = 6.24x 10 



■m 



where Q„ is the absolute 



flux of the absorbed light in quanta s ' and i. r is the 
saturation ion current of x in amperes. 

3.2. Extinction Coefficients 

The determination of extinction coefficients using 
the double chamber cell is quite straightforward. 
The light transmitted through the evacuated cell 
{T ) and the light transmitted through the absorbing 
material (7') at a given pressure are simply proportional 
to the saturation ion currents, I (saturation ion cur- 
rent in second cell with the first cell evacuated) 
and I (saturation ion current in second cell with 



pressure, />, in the first cell). Using Beer's Law, we 
write 



/„ 



where x is the path length of the first cell in cm, p 
is the pressure in atm, and e is the extinction coefficient 
in cm^atnr 1 . The path length in the first cell was 
3.7 cm. 

The extinction coefficients can also be determined 
from the saturation ion current measurements made 
in the first cell or in a single cell with the absorbing 
material. In this case the incident flux and the absorbed 
flux at a given pressure are simply proportional to the 
saturation ion current V (saturation ion current for 
the total absorption of light) and V n (saturation ion 
current with pressure, />), measured in the first cell. 
Thus, we again have from Beer's Law: 

Io ~ I(t = e -eav 

K 

In the single cell apparatus the path length was 5.0 
cm. 

In figure 3 are plotted log ///„ versus pressure for 
propane irradiated with the neon lamp in the double 
cell. Also included on this plot are the calculations 
made from saturation ion current measurements in 
the first cell only. The agreement between the two 
sets of measurements is good over the range where 
well characterized saturation ion current plateaus are 
obtained in the first cell. As mentioned above, these 
measurements were obtained with helium added to the 
propane. This addition of helium, besides enhancing 
the plateau of the saturation ion current measurements 
in the first cell, also improved the accuracy of the 
pressure readings. The ratio of helium to propane 
was 24. 

Figure 4 shows the plot of log ///« versus pressure 
for propane irradiated with the helium lamp in the 
double cell. In this case neon was added to the propane 
as a diluent. The ratio of neon to propane was 24. 





Table 2. 


Extinction coefficients 






74.4- 


73.6 nm 


58.4 


nm 




(crn -1 


atm -1 ) 


(cm ' 


atm -1 ) 


H> 


300 


b (320) 


d 185 


b * c (175) 


C0 2 


585 




n.d. 




C 5 Hh 


2950 


a (3000) 


2240 


a (2000) 


CF 4 


d 1370 


" (1050) 


n.d. 




CF3CI 


d 2270 




n.d. 




CF 2 C1 2 


d 3150 




n.d. 




CFCL, 


d 4520 




n.d. 




CCL, 


d 5300 




n.d. 





(References are for literature values that are given in parenthesis.) 
8 Schoen. R. [., J. Chem. Phys. 37, 2032 (1962). 

Cook. G. R.. Metzger. P. H.. Ogawa. ML, Becker. R. A., and Ching. B. K.. Aerospace 
Corp. Report No. TDR-469 (9260-01 )-4. 

' Bennett. S. W.. Tellinghuisen. J. B.. Phillips, L. F.. J. Phys. Chem. 75, 719 (1971). 
(l These results arc from the single cell, 
n.d. — not determined. 
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.1 .2 

PROPANE PRESSURE (torr) 



FIGURE 3. A plot o/I/Io versus propane pressure for the neon 
resonance lamp 

O, Measurements of I lit made in second cell for neon lamp. 
□. Measurements of (/'/')//' made in first cell for neon lamp. 



Similar good Beer's Law plots were obtained for the 
other gases listed in table 2, independent of whether 
the double cell or single cell arrangement was used. 
The single cell apparatus did necessitate using higher 
ratios of helium to the gas of interest in order to obtain 
good plateaus for those substances with higher extinc- 
tion coefficients. For carbon tetrachloride which had 
the highest extinction coefficient, the ratio of He/CCl 4 
was 76. We estimate our experimental error for the 
extinction coefficients to be about 5 percent. 




.005 



.2 .3 

PROPANE PRESSURE (torr) 



FIGURE 4. A plot of l/lo versus propone pressure for the helium 
resonance lamp using the double cell arrangement. 
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